INTRODUCTION
Respiratory infections claim the lives of B4 million people worldwide each year. This number increases dramatically during sudden outbreaks with highly pathogenic respiratory viruses, including new strains of influenza virus.
1,2 Enteric infections and sexually transmitted diseases are also responsible for high casualty rates, which can be particularly devastating in under-developed countries. 3 A thin epithelial layer makes mucosal surfaces particularly vulnerable to pathogens, which often take advantage of specific host receptors to gain entry into the body. 4, 5 The immune system uses a variety of means to repel these infections, including nonspecific secretions that contain mucins and defensins. 6, 7 Over time antigen-specific lymphocytes develop and help reduce tissue damage and hematogenous dispersal of the pathogen to other regions of the body.
Adaptive immune responses to pathogens that have not been encountered previously take several days to develop; hence, innate immune cells must provide the first line of defense. 8 Early warnings of the invasion begin as receptors that recognize common microbial products (called pathogen-associated molecular patterns) elicit cytokine responses in the local tissues and arm cells of the innate immune system for combat. [9] [10] [11] Antigen-specific lymphocytes are recruited into the response once professional antigen-presenting cells, primarily dendritic cells (DCs), reach, or are activated in, the local lymphoid tissues. 12, 13 Although some microbial products access the local lymphoid tissues within minutes or hours after inoculation, a substantial delay follows because several rounds of proliferation are required for naive T cells to reach therapeutic numbers that can potentially change the course of the infection. 14 This delay in the development of the adaptive immune response may allow some pathogens to spread to other tissues where timely eradication may not be possible.
People and animals that survive an initial infection often gain a survival advantage during reinfection with the same pathogen because they maintain populations of antigen-specific lymphocytes that can mount faster more effective responses to the same microbe. 15 These long-lived lymphocytes are collectively known as memory cells, but can be very heterogeneous in terms of phenotype, functional properties, and tissue distribution. [16] [17] [18] During recent years, it has become increasingly clear that different subsets of antigen-specific T cells make varying contributions to protective immunity. Although CD4 T cells are clearly involved in protection against some mucosal infections, [19] [20] [21] to date most research has been focused on understanding the contributions of circulating and tissueresident CD8 memory T cells. These studies show that some of the properties that are important for immunity include the anatomical location of the CD8 T cells at the time of infection and their ability to mediate specific effector functions with minimal delay. 18 Building on observations from earlier studies, several investigators have recently focused on subsets of memory CD8 T cells, which take up long-term residence in nonlymphoid tissues where they remain phenotypically and functionally distinct from their circulating counterparts. Recent data suggest that these T cells are able to make important contributions to immunity against localized infections in peripheral tissues such as the lung, intestine, and skin. 18, 22 We will discuss our current understanding of the mechanisms that support the development, maintenance, and function of these local pathogen-specific T cells in the mucosal tissues of the gastrointestinal (GI) and respiratory tracts.
INDUCTIVE SITES FOR IMMUNE RESPONSES IN THE MUCOSAE
Evidence suggests that most tissue-resident cytotoxic T lymphocytes (CTLs) in the intestinal and pulmonary mucosae begin their development at specific inductive sites in the local lymphoid tissues and subsequently move into the mucosae during robust inflammation. [23] [24] [25] Migration studies indicate that as inflammation resolves, the tissue-resident CTLs become less mobile and lose the ability to re-enter the circulation. Many properties that enable T cells to traffic to specific locations in the body are programmed during the early stages of the infection, through signals that are delivered by antigen-presenting cells and local environmental factors.
The mucosal tissues of the GI and respiratory tracts have similar functions, which involve exchange of diffusible molecules, but some notable differences in their structural organization influence the way that local immune responses develop. As in other tissues, adaptive immune responses in the mucosae begin in organized lymphoid tissues, which serve as collection points for microbial products and immune cells. The mesenteric lymph nodes (MLNs) and the Peyer's patches (PPs) fulfill the role of inductive sites for immune responses against pathogens that enter the body via the intestine. 26, 27 Multiple PPs are distributed along the length of the small bowel, where they can receive microbial products from the lumen of the intestine. Isolated lymphoid follicles, which develop after birth, can fulfill similar functions in the small intestine and colon. 28, 29 In addition, a string of encapsulated MLNs is connected to the afferent lymphatics of the PPs and lamina propria (LP), where migratory cells (DC and lymphocytes) collect after they leave the intestinal tissues ( Figure 1) . 13, 30 Adaptive immune responses against pathogens that enter the body from the respiratory tract are also initiated in multiple locations. The regional lymphoid tissues include two collections of encapsulated LNs, which serve the upper (nasal passages) and lower (lungs) regions of the respiratory tract, respectively. During infections microbial products are acquired from the airways and nasal passages by a tight network of respiratory DCs, which reside in the epithelium and LP of the lungs. [31] [32] [33] Migratory DCs that obtain antigens in the upper respiratory tract migrate to the cervical LNs, whereas the mediastinal (or hilar) LNs receive DCs that acquire antigens in the lungs. 34, 35 After birth, additional patches of nasopharynxassociated lymphoid tissue (i.e., the equivalent of adenoids or tonsils in human) develop in the nasal passages of the murine and human respiratory tract, which are a major inductive site for B-cell responses. [36] [37] [38] The mucosal-associated lymphoid tissues lack afferent lymphatics; thus, antigens must be transported across the epithelium by local DCs, or specialized M (microfold) cells, which can be found on the apical dome of the intestinal PPs and nasal epithelium. 39, 40 Children sometimes develop additional patches of ectopic or inducible lymphoid tissue in the lungs, which develop at the bifurcations of the bronchi during inflammation (inducible bronchus-associated lymphoid tissue), but are generally not found in adults. 41 Lymphocyte activation can take place in any individual PP, MLN, or lung-draining LN and lead to specific humoral and cellular immune responses in the infected tissue. The specialized cells that participate in these immune responses include multiple subsets of migratory DCs. 13, 31, 42 Naive CD8 T cells can be primed directly in the PPs or in the MLNs, or in the lung-draining LNs by DCs that migrate from the PPs or LP, 13, 43 or the lung. 31, 44 DCs that express the aEb7 integrin (CD103) have an important role in the response by carrying microbial products to the draining LNs, 33, 45 although some CD103-DCs can also serve this function 33, 43 ( Figure 1) . Immune activation by specialized DCs can lead to tolerance or immunity depending on the context of antigen exposure. 45, 46 An extensive body of literature shows that local DCs in the PP and MLN imprint newly activated antigen-specific CD4 and CD8 T cells for preferential migration to the small bowel. [47] [48] [49] The responding T cells acquire homing receptors, CCR9 and a4b7 integrin, which are essential for entry into the intestinal LP and are induced by factors produced by DCs and intestinal epithelial cells, primarily retinoic acid and transforming growth factor-b (TGFb). [50] [51] [52] [53] [54] The a4b7 integrin facilitates lymphocyte access into the gut mucosa through interactions with the mucosal addressin, MAdCAM-1, that is expressed in the postcapillary venules. 55, 56 When the a4b7 þ CD8 T cells arrive in the intestinal mucosa, the b7 chain of the integrin heterodimer acquires a new partner (CD103, the aE chain) whose expression is induced by local exposure to CCL25 57 and TGF-b. 53, 58 In the LP, B50% of the CD8 T cells express CD103, whereas in the intraepithelial lymphocyte (IEL) compartment, nearly all of the cells are CD103 þ . 59, 60 A population of activated CD4 T cells also acquire gut-homing properties in the MLNs by upregulating a4b7 and CCR9. 61 In addition, a subset of CD4 T cells upregulate CD103 upon entry into the epithelium, but not to the same extent as CD8 T cells. 62 Although CD103 þ DCs participate in immune responses in the respiratory tract, 33, 63 no clear evidence that antigen-specific CD8 T cells can be imprinted for preferential migration to the lungs has yet been reported. However, a recent study found that when virus-specific CD4 T cells isolated from the lungs after influenza virus infection are transferred to uninfected mice, they preferentially localize to the lungs, whereas spleen-derived cells disperse to multiple tissues, including the spleen. 64 In light of the similarities between the mucosal tissues of the GI and respiratory tracts, it seems likely that imprinting functions for pulmonary DCs will be identified in future studies.
CIRCULATING LYMPHOCYTES ARE LARGELY EXCLUDED FROM THE MUCOSAE UNDER HOMEOSTATIC CONDITIONS
The bloodstream is an important access route for migrating T cells to reach different tissues. Parabiosis has been effectively used to distinguish between cells that freely traffic around the body from cells that take up long-term residence in specific tissues. [65] [66] [67] [68] Within a few days after parabiosis surgery, bloodborne T cells begin to travel freely between the conjoined animals and congenic markers can be used to measure the rate and extent of intermingling between donor and recipient cells in different organs. 68 Although mice cannot be joined during robust inflammatory responses, the surviving memory T cells can be analyzed during the recovery phase of an infection. Such experiments have shown that memory T-cell migration to certain tissues is highly regulated. For example, the migration patterns of polyclonal T cells as well as antigen-specific memory CD8 T cells in mice that had been infected with vesicular stomatitis virus or Listeria show that entry into the LP and epithelium of the intestine is highly restricted under homeostatic conditions. 68, 69 Experiments with mice that had recovered from systemic viral or bacterial infections before they were joined to uninfected partner animals showed that only small numbers of circulating memory CD8 T cells enter the LP of the intestine and are almost completely excluded from the epithelial layer. 68 Nevertheless, the limited migration that occurs is a4b7-dependent. 68 Although an ongoing, albeit minor, contribution of new cells may enter the intestinal pool from the blood during the memory phase of the infection, data from our laboratory and others support the concept that the pool of memory T cells that colonizes intestinal effector sites under steady-state conditions includes tissue-resident, selfrenewing cells that undergo very limited replenishment from the circulating lymphocyte pool. 60, 68, 70, 71 Parabiosis has also been used to examine the migration properties of blood-borne lymphocytes to the lungs. 68, 72, 73 Blood enters the lungs from two separate circulatory systems. The conducting airways have thick walls, which are nourished with arterial blood, whereas the remaining parenchymal tissue is largely comprised of thin-walled alveoli, which are profusely supplied with venous blood that is delivered to the lungs for gaseous exchange. When mice that have recovered from a systemic viral infection are joined to uninfected animals, bloodborne memory CD8 T cells freely circulate through the parenchymal tissues of the lungs, but do not enter the lumen of airways under homeostatic conditions. 68, 72 However, recent studies have shown that substantial numbers of lung-resident CD4 and CD8 T cells may, in fact, be trapped in the capillaries. 64, 74 When anti-CD8 antibodies are injected into the bloodstream just a few minutes before the cells are isolated, B95% of memory CD8 T cells in systemically infected mice are labeled with the blood-borne antibodies, indicating that most of the cells are intravascular. 74 Similar results are obtained regardless of whether or not the mice have been perfused of blood. These results suggest that perfusion does not remove a large fraction of T cells from the small blood vessels of the lungs and support the idea that only small numbers of circulating memory T cells extravasate into the parenchyma in the absence of a robust inflammatory response. Indeed, experiments with pertussis toxin show that migration of transferred memory T cells into the lung is chemokine receptor-dependent. 74 Thus, the interpretations drawn from results of parabiosis studies, and from studies using simple digestion techniques, regarding the locations of CD8 T cells in the lungs, need to be reconsidered in light of the new findings. Moreover, these findings effectively reconcile the results showing limited potential for pathogen-specific memory T cells to reach the outer mucosal surfaces of the intestines and lungs.
The presence of infection or inflammation in the lungs can affect the migration of effector and memory T cells. Earlier studies show that circulating memory T cells can be drawn into the lung airways during systemic infections, or by treating the lungs with Toll-like receptor ligands or other agents to induce local inflammation. 23, 24, 73 These approaches show that very few CD8 T cells persist or maintain an activated phenotype in the lumen of the airways in the absence of their cognate antigen. When parabiotic mice are infected with influenza virus before they are joined to uninfected partners, very few migrating CD8 T cells enter the airways of the uninfected animals. 73 However, when both mice are previously infected with the same strain of influenza virus, a subset of memory CD8 T cells from each partner enters the lungs of the partner parabiont, is distinct from the resident CD8 T cells and does not become activated. 73 The same experiments show that donor and recipient virusspecific CTLs also equilibrate at very different rates in the draining vs. remote LNs. 73 In this case, the prolonged retention of virus-specific CTLs in the lung-draining LNs corresponds with the prolonged presence of residual viral peptides and the numbers of CD69 þ PD-1 þ CTL. 73, 75, 76 These results imply that close interactions with antigen-bearing DCs, and/or an ongoing response to residual antigen-driven inflammation, [77] [78] [79] promote retention of antigen-specific CD8 T cells in reactive LNs. It is likely that the local inflammatory response is augmented by the presence of virus-derived genetic material, which is detectable in the lungs 76 and mediastinal LN more than a month after infection (M. Wu and L.S. Cauley, personal communication). Genetic material and viral protein also persist in the LNs after systemic infection with VSV, [80] [81] [82] suggesting that antigen persistence after RNA virus infections may be more common than previously appreciated. How these viral products influence the activation state and migratory properties of the local virus-specific T cells remains to be determined.
REGIONAL LYMPHOCYTE POPULATIONS COLONIZE THE INTESTINAL AND RESPIRATORY MUCOSAE
Cell populations with the phenotypic characteristics of regional or resident memory T cells (Trms) have been detected in a variety of peripheral tissues, including the intestine, lung, skin, kidneys, pancreas, and brain. 68, 73, [83] [84] [85] [86] [87] [88] [89] [90] The hallmarks of regional or tissue-resident memory CD8 T cells (Trms) include the absence of CCR7, elevated CD103 expression that is regulated by TGFb, 58, 91 and often increased CD69 expression. The tissue-restricted distribution of cells with this phenotype suggests that tissue-resident memory CD8 T cells are influenced by, or formed in response to, factors present in the local tissues.
An extensive population of Trms resides in the GI tract, most prominently among the CD8ab IELs located between the epithelial cells that cover the basement membrane of the villi in the small bowel ( Figure 1) . The intestinal LP also harbors a significant population of CD8ab Trms. Nevertheless, a clear distinction between the epithelial and LP compartments is exemplified by the distinct cell populations at each location, as the IELs include subsets of T-cell receptor (TCR)gd T cells as well as many TCRab T cells that express CD8aa, which are not found in the LP. 92, 93 Smaller numbers of CD4 T cells, and some unusual CD4 þ 8aa þ cells, also reside in the epithelium. 93 The underlying LP contains a more complex mix of T cells, antigenpresenting cells, plasma cells, and natural killer cells among others. The T cells in the LP also include smaller percentages of TCRgd cells that express substantially different V-regions than those in the IEL compartment. As the TCR repertoires of TCRab cells in the LP vs. the IEL can also be distinct, 94, 95 it is likely that little intermixing occurs between the IEL and LP populations under steady-state conditions. Whether the Trms that reside in the LP and IEL compartments are equivalent cell populations or distinct subsets is not yet known. In any case, large numbers of effector T cells enter all parts of the intestine during local and systemic infections, when some effector/ memory T cells traverse the LP to reach the epithelial layer. 25 Following the contraction of the effector response, a subset of pathogen-specific CD8 T cells in the LP, and nearly all of the cells in the IEL compartment, acquire CD103 and CD69. 60, 68, 96 The induction of CD69 and CD103 is antigen-independent in the intestine, as demonstrated by parabiosis studies where memory CD8 T cells enter the mucosa of the uninfected partners and upregulate both molecules without antigen stimulation. 68 Thus, these events are a prime example of local, antigen-independent tissue-specific effects regulating Trm development.
The characteristics of the T-cell response in the respiratory tract follow a similar pattern. During infection, intense inflammation draws large numbers of lymphocytes into the airways and alveoli of the lungs, which include both pathogenspecific and bystander CD4 and CD8 T cells 23, 24 ( Figures 2  and 3 ). The number of T cells in the lungs decreases as inflammation subsides, but residual populations of pathogenspecific CTLs persist in the airways for several months after some infections. 76, 97 The phenotypic characteristics of the CD8 T cells that reside in the lungs after a local viral infection are remarkably similar to those found in the GI tract. For example, many virus-specific CTLs upregulate CD69 and CD103 expression and become greatly enriched in the airways over time. 91, [98] [99] [100] Unlike IEL in the GI tract, these virus-specific CTLs lose CD11a expression soon after their arrival in the lumen of the airways, 25 ,101,102 presumably due to cleavage by proteases present in the lung surfactant. The loss of CD11a expression can be used as an indication of recent migration into the airways, 73, 102 and the data support the conclusion that small Figure 2 Parameters affecting the CD8 T-cell response to influenza virus infection. Influenza virus infections begin in the large airways and descend to the alveoli. Hemagglutinin binds to sialic acid residues on the surface of the epithelial cells, which become infected and produce new virus. Neuraminidase helps the new virus escape from the host cells by removing host sialic acid. Mucus-producing and ciliated cells slow the infection by expelling particulate matter from the lung airways. Neuraminidase and the aVb8 integrin can activate tumor growth factor-b (TGFb), which promotes aEb7 integrin (CD103) expression on local pathogen-specific cytotoxic T lymphocytes, which promotes retention in the airways through interactions with E-cadherin.
numbers of virus-specific CTLs enter the airways during the recovery phase of the response to respiratory virus infection. In contrast, the virus-specific CTLs in the lung parenchyma maintain CD11a expression at high levels and mostly lack CD69 expression. 73, 91 It is not known how many virus-specific CTLs reside in the dense network of blood vessels that surround the alveoli, but as discussed in the previous section bona fide tissue-resident CD8 T cells may be primarily activated CTLs, or effector memory T cells. 64, 73, 74, 91 Responses by CD4 T cells in mucosal tissues differ from those of CD8 T cells in several ways. Notably, the numbers of pathogen-specific CD4 T cells in the lung airways decline much more rapidly after local infections, than do the numbers of virus-specific CTLs. 64, 97, 103 A subset of virus-specific memory CD4 T cells maintain stable CD69 expression in the lung parenchyma and airways following respiratory virus infection and some CD4 T cells in the airways downregulate CD11a. 97, 102 These CD69 þ CD4 T cells do not emigrate from the lungs during parabiosis and are not labeled with injected anti-CD4 antibodies, indicating that they are part of the tissue-resident memory population. 64 Importantly, CD4 T cells that were isolated from the lungs of influenza virus-infected mice were sufficient to enhance immunity after transfer to naive recipients, without the need for transferred virus-specific memory CD8 T cells. 64, 104, 105 Whether CD4 T cells make a direct contribution to viral clearance during natural infection has not been established. Some CD4 T cells in the GI tract also maintain an activated phenotype and a recent study found that sustained CD69 expression was maintained by normal intestinal microflora and interferon a. 106 Taken together, these data indicate that the LP of the gut and the lung parenchyma provide similar microenvironments, which can be colonized by resident populations of memory CD4 and CD8 T cells following infection.
RETENTION AND EXIT OF PATHOGEN-SPECIFIC T CELLS FROM THE MUCOSAE
CD69 is a highly glycosylated C-type lectin, which is briefly expressed on CD4 þ and CD8 þ T cells soon after TCR stimulation. 107, 108 Transient CD69 expression can also be induced by type I interferon, but disappears upon cytokine withdrawal, at least in vitro. 109 As discussed above, antigenspecific CD4 and CD8 T cells that maintain stable CD69 expression can be found in the respiratory tract of mice following infection with a variety of viruses 91, [98] [99] [100] and similar cells have been identified in human lungs. 88 CD69 þ CTLs are continually present in both the LP and IEL compartments of the GI tract of mice 110, 111 and are sometimes found in peripheral tissues, such as the skin, 89, 112 trigeminal ganglia, 113, 114 brain, 87 and kidneys. 83 The mechanisms that support sustained CD69 expression have not been completely defined, but antigen stimulation appears to have a role in some infections and some tissues, 87, 91 but not others. 68, 90 Accumulating data indicate that CD69 and CD103 both have a role in populating peripheral tissues with activated CTLs. 58, 91 The natural ligands for CD69 have not been conclusively identified, but are thought to include complex oligosaccharides. 115 Earlier studies show that overexpression of CD69 slows the rate at which naive T cells exit the thymus, 116,117 whereas CD69-deficient T cells exit peripheral LNs more rapidly than their wild-type counterparts after activation with poly-I:C or viral infection. 118 The lipid sphingosine-1-phosphate (S1P) has an essential role in lymphocyte migration 119 and evidence of interacions between CD69 and the S1P receptor 1 (S1P1) may provide clues to CD69 function in tissue retention of Trms. 118, 120 The S1P1 receptor is expressed on T cells and is essential for thymocytes to reach the periphery. As naive lymphocytes circulate around the body, S1P1 is also essential for naive lymphocytes to exit the LNs.
121 CD69 interacts with the transmembrane region of S1P1, 120 resulting in downmodulation of S1P1 function, suggesting that CD69 upregulation could potentially modulate the ability of T cells to exit nonlymphoid tissues. For example, induction of CD69 expression as memory or effector T cells that enter the mucosal tissues might serve to downregulate S1P1 expression and thus reduce responsiveness to S1P, which is maintained at the highest concentrations in the blood and lymph. Indeed, under homeostatic conditions the S1P1 receptor has a role in the differential migration of T-cell subsets into distinct intestinal compartments. 62 The chemokine receptor CCR7 also has an integral role in mediating T-cell exit into afferent lymphatics from nonlymphoid tissues [122] [123] [124] and is important for DC migration from peripheral tissues to the draining LNs. 124, 125 During influenza virus infection, the exit of effector CD8 T cells from the lungs is facilitated by the CCR7 ligand, CCL21, which is expressed in lymphatic endothelial cells during infection. 126 Once CCR7 is downregulated, the rate of T-cell migration from the lung Figure 3 Effector CD8 T-cell localization in the lung after influenza virus infection. C57BL/6 mice received 1 Â 10 3 nucleoprotein (NP)-specific green fluorescent protein (GFP) þ F5 T-cell receptor (TCR) transgenic CD8 T cells followed by infection with E61-13-H17 influenza virus. After 10 days, the lung was imaged using confocal microscopy. Epithelial cells were identified by anti-Epcam staining (red) and blood vessels revealed by anti-CD31 staining (blue). GFP þ F5 cells are shown in green. Image was acquired at original magnification Â 20.
tissues to the mediastinal LN diminishes. In contrast, forced expression of CCR7 results in more rapid exit of effector T cells from the lung, 122 whereas in another model CCR7 deficiency prevents tissue-resident lymphocytes from leaving the skin. 123 Consequently, the data suggest that CD69 induction in conjunction with downregulated S1P1 and the loss of CCR7 expression promotes retention of Trms in mucosal sites.
CD103 is also likely to have a significant role in retention and perhaps initial entry of Trms into various tissues (Figures 1 and  2) . The only known ligand for CD103 is E-cadherin, 127, 128 which is expressed by epithelial cells throughout the body, as well as by a subset of DCs. 129 Adoptive transfer studies with lymphocytes from CD103-deficient mice show that this integrin is not required for CD8 T cells to enter the intestinal mucosa, 90, 130 even though the mucosal tissues of CD103-deficient mice contain fewer CD8 T cells than wild-type animals. 59 In a model of graft-vs.-host disease, alloreactive CD8 T cells are gradually lost from the epithelium of the intestine when CD103 is absent. 58 In addition, when CD103-deficient CD8 T cells respond to a systemic infection with Listeria, they are retained in the LP but not in the IEL compartment, 90 despite the fact that some LP-resident CD8 T cells express CD103. In contrast, our previous results suggest that CD103 is not required for maintenance of at least some early memory cells in the epithelium (3 weeks postsystemic infection), 130 but our recent studies corroborate the partial effect of CD103 deficiency on the loss of IEL (B.S. Sheridan and L. Lefranc¸ois, personal communication), which we initially observed and may have misinterpreted. Additional studies are needed to determine whether CD103 has a role during early entry or retention of effector CD8 T cells in the intestinal epithelium vs. the longterm maintenance of memory CD8 T cells at this site. Similar to CD69 expression, the question of whether antigen is required for CD103 induction remains open and may be both tissue-and pathogen-dependent. Experiments with lymphocytic choriomeningitis virus-infected mice originally suggested that antigen was not required for maintenance of CD103 expression on CD8 T cells in the intestinal mucosa and other tissues, including the brain. 90 However, following direct infection of the brain with VSV, CD103 expression is maintained on antigen-specific CD8 T cells only as long as the antigen is present. 87 Interestingly, influenza virus-specific CD8 T cells in the epithelial layer of the human lung express CD103, whereas Epstein-Barr virus-and cytomegalovirus-specific CD8 T cells do not. 131 As the latter infections are chronic, the presence of antigen in the lungs may be insufficient for CD103 induction in this case. Why antigen appears to be necessary to drive T cells to upregulate CD103 expression in some cases and not others remains to be elucidated. Recent studies show that most memory CD8 T cells in the dermis of the skin also express CD103, which appears important for their retention at that site. 112 Some CD8 T cells in the human epidermal layer also express CD69 together with CD103. 132 Thus, the expression of CD103 and CD69 has emerged as a hallmark of Trms and may be a critical component of protective immunity by promoting Trms' retention in multiple tissues, including the mucosae.
The initial induction of CD103 expression on T cells, including on Tregs, requires TGFb, 51, 58 which is produced by a variety of cells in the lung and intestines, including epithelial cells. 58, 91 CD103 þ DCS can also produce TGFb in the local LNs or other tissues, which may stimulate CD103 expression on activated CTLs in the lungs and other sites. 58, 91 TGFb may also be made by the responding T cells themselves, 133, 134 in a latent form, which must be activated to exert function. 135 Several proteases and integrins can perform this cleavage function, including the aVb8 integrin that is expressed by CD103 þ DCs as well as other cells. 136, 137 Large quantities of TGFb can also be activated in the lungs during infection with some strains of influenza and other respiratory viruses by the virally encoded neuraminidase enzyme that is required to release new virus particles from the host cells. 138, 139 Consequently, the presence of TGFb in mucosal tissues likely serves to promote retention of Trms in the appropriate locations via induction of CD103, thereby promoting protective immunity (Figures 1 and 2 ). There may also be a link between CD69 expression and TGFb production. A recent report shows that CD69 promotes TGFb production by intestinal CD4 T cells, but whether this is a direct effect requires further analysis. 106 If CD69 activation does, in fact, regulate TGFb production, then this pathway may represent a reinforcing loop geared toward maintaining CD103 induction. Additional studies are needed to determine the link between T-cell entry into mucosal sites and concomitant induction of CD69 and CD103. Thus, the current data suggest that protective Trms are maintained in the peripheral tissues through the concerted action of multiple molecules, such as CD69, CD103, S1P1, and CCR7.
TRMS HAVE A ROLE IN PROTECTIVE IMMUNITY IN PERIPHERAL TISSUES
Direct evidence that Trms have an essential role in protective immunity in peripheral tissues is largely lacking. So far, the strongest evidence comes from studies of skin infections, where virus-specific CD103 þ CD8 T cells are sufficient to prevent a local vaccinia virus infection. 89 In the intestinal mucosa, it is more difficult to pinpoint a precise role in protective immunity for Trms in the LP or the epithelium. This is largely due to the technical challenges of relegating functionality exclusively to either compartment. So far, there are no available methods for blocking migration of effector or memory cells only into the epithelium. Inhibition of CCR9 or a4b7 generally results in limiting migration to both LP and epithelium and can also affect homing to MLNs and PPs. 130, 140 Nevertheless, animal models have convincingly shown that blood-borne lymphocytes are not sufficient for optimum T-cell-mediated immunity against infections that are initiated in the lungs or intestines. These studies found that mucosal routes of inoculation induce more effective immunity than do systemic infections, even though both routes of inoculation induce large numbers of microbe-specific memory T cells in the circulation. [141] [142] [143] [144] [145] [146] [147] No doubt immunity in the GI tract and skin and perhaps the lung is enhanced by antigen-presenting cells, which promote T-cell migration to localized tissues through the imprinting process. 48, 49, 61, [148] [149] [150] As always there are exceptions to the rule since mucosal or systemic vaccination is effective against mucosal challenge with mouse norovirus; however, CD4 and CD8 T cells, as well as antibody, are involved in the protection. 151 In addition, a recent study found that the numbers of circulating influenza virus-specific CD4 T cells in human blood correlate more tightly with protective immunity than do the numbers of virus-specific CD8 T cells or antibody titers. 152 In this study, the authors were careful to emphasize that virus-specific T cells at the site of infection were not examined, 152 so the correlation between high numbers of CD4 T cells in the blood and the numbers of CD4 or CD8 T cells in the relevant tissue remains unknown. In animal models, transfer studies have shown that virus-specific CD4 T cells can augment antiviral immunity in the lungs of naive mice, without transferred CD8 T cells. 21, 64, 104, 105 As lung epithelial cells do not express major histocompatiblity complex class II molecules, the protection in this case may have been due to an accelerated response by the endogenous immune cells.
153 CD4 T cells are also important in protection against herpes simplex virus infection of the vaginal mucosa. 154, 155 In any case, the available data provide reasonable support for the concept that both CD4 and CD8 Trms mediate local protective immunity. More detailed analyses of the potential synergy between T-cell subsets will help reveal the underpinnings of tissue-specific immunity. Focusing vaccine strategies on promoting production of these populations of T cells may enhance immunity.
Summary
Tissue-specific infections result in the generation of tissueresident populations of pathogen-specific memory CD4 and CD8 T cells. In most situations, these populations appear not be replenished to a great extent by circulating T cells nor do they enter the circulation themselves after the infectious agent is eliminated. As such, Trms represent a primarily self-renewing protective barrier against recurrent infections. Cells with these common attributes colonize the mucosa of the lung, intestine, and vagina, and are also found in nonmucosal sites, including the skin and brain, and may perhaps, depending on the pathogen and infection route, reside in any nonlymphoid tissue. Nonetheless, the barrier mucosal tissues and the skin are critical to providing defense against recurrent invasions and Trms would be expected to have a major protective role at these sites.
